Abstract.-Progress in the development and use of methods for species delimitation employing 10 phenotypic data lags behind conceptual and practical advances in molecular genetic approaches. The basic 11 evolutionary model underlying the use of phenotypic data to delimit species assumes random mating and 12 quantitative polygenic traits, so that phenotypic distributions within a species should be approximately 13 normal for individuals of the same sex and age. Accordingly, two or more distinct normal distributions of 14 phenotypic traits suggest the existence of multiple species. In light of this model, we show that analytical 15 approaches employed in taxonomic studies using phenotypic data are often compromised by three issues:
2 useful models to understand the evolutionary forces involved in speciation. Our work underscores the 27 importance of statistical approaches grounded on appropriate evolutionary models for species 1985). Although they rightly noted that "the real test of species limits is determining the extent to which 122 specimens form multiple morphological clusters when a priori specimen identifications are ignored",
123
McKay and Zink (2015) did not formally conduct such a test. Instead, their approach illustrates three 124 problematic issues in analyses of phenotypic data for species delimitation. In the next section we describe 125 these issues and outline possible solutions afforded by statistical tools directly related to the basic 126 evolutionary model underlying the use of phenotypic data in species delimitation. We then implement 127 these solutions in a reanalysis of the morphological data on Geospiza ground-finches to revisit the 128 question of whether morphological evidence supports the hypothesis that there are several species in the 129 group.
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Many species delimitation studies rely on visual inspection of bivariate (rarely trivariate) scatter plots of 137 phenotypic space to detect discontinuities and thus define phenotypic groups (e.g., Fig. 1 (Fig. 1a) ; accordingly, a univariate scatter plot fails to reveal 143 evidence of distinct phenotypic groups (Fig. 1b) . The problem with scatter plots concealing crucial 144 information (also common in two-and three-dimensional scatter plots) is revealed by a histogram of 145 phenotype frequencies employing the same data, which reveals two distinct normal distributions (Fig. 1c) .
146
Following the model for species delimitation based on continuous phenotypic characters described above, To illustrate the problem of reducing dimensionality to the principal components accounting for most of 185 the variation, we use a hypothetical example based on two phenotypically distinct species, each 186 represented by a bivariate normal distribution (Fig. 2a) . The first principal component of the mixture of 187 these two distributions explains >99% of the variation and, yet, it is useless to distinguish the two species 188 (Fig. 2b) . In contrast, the second principal component accounts for <1% of the variation and perfectly 189 discriminates species (Fig. 2c) populations. Grouping specimens from these populations according to collection localities (e.g., two 223 islands) reveals statistically significant differences in the central tendency of phenotypes (Fig. 3a ). Yet,
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there is no evidence that phenotypic variation across specimens from the two populations is best described 225 by more than a single normal distribution (Fig. 3b) . Therefore, there is no evidence for more than one We asked how many distinct groups of ground-finches exist in the Galapagos using morphological data 253 from specimens collected across the archipelago (total 18 islands). To define the morphological space for 254 this analysis, we followed McKay and Zink (2015) and used PCA on the covariance matrix of log-255 transformed data. Rather than examining evidence for species limits using only the first three principal We found the first four principal components to be most useful for group discrimination; NMMs ignoring had a 500 BIC difference to the second-worse model and > 821 BIC difference to the two best models.
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Relative to the best models, those specifying groupings consistent with taxonomy recognizing six or nine 283 species were weakly supported (Fig. 4) , considering differences in BIC scores greater than 6 are typically (Fig. 5, Supplementary Fig. 1) ; however, those groups did not readily align with existing 288 taxonomic treatments of Geospiza (Fig. 6, Supplementary Fig. 2 ). with the best models ( Fig. 6 and Supplementary Fig. 2 ). For example, in the best models, all specimens of 293 two of the nine currently recognized species (G. scandens, G. septentrionalis) were assigned to two 294 respective morphological groups which included few or no specimens of other species ( Fig. 6; 295 Supplementary Fig. 2) . Discrepancies between our analysis and current taxonomy were most evident in 296 cases such as those of (1) G. propinqua, G. conirostris and G. fortis, which were assigned to three, three 297 (or two) and four morphological groups, respectively, or (2) G. fuliginosa and G. acutirostris, in which all 298 specimens were assigned to the same group to the exclusion of nearly all specimens of other species. In cases in which species delimitation was not based on morphology, but rather resulted from recent genomic 307 analyses revealing that phenotypically similar populations are distantly related (Lamichhaney et al. 2015) .
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This likely explains why our analysis did not fully discriminate some species pairs in the morphological ground-finches we detected (Fig. 5, Supplementary Fig. 1 ) cannot be interpreted to reflect within-species, 323 among-island variation because these groups occurred on multiple islands and were sympatric with other 324 groups; all of the morphological groups identified in the best NMMs were widely distributed across the 325 Galapagos Archipelago (median = 8.5 or 9.0, range 3-14 islands per group; Table 1 Figure 3) . Importantly, almost all morphological groups co-occurred with each other in at 328 least one island; the only exception was morphological group 3 in one of the models, which co-occurred 329 with four out of the other seven groups (Table 1 and Supplementary Table 1 ). McKay and Zink (2015) 330 indicated that different morphs of ground-finches exist within islands and argued that if such morphs were 331 treated as species, then one would need to recognize dozens of species in the group; our analysis suggests 332 this is not the case given the occurrence of all morphological groups in multiple islands.
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At this point we note that because the specimens we analyzed were collected several decades ago (Swarth 335 1931), they may not faithfully reflect patterns in morphological variation nor the geographic distributions 336 of morphological groups in the present. This is because over the past century, ground-finch populations 337 have experienced a few colonization and extinction events, changes in the degree of morphological To conclude, we note that the criteria for species delimitation discussed above are relevant in the context 420 of ideas about the reality of species. In particular, it has been argued that if the hypothesis that species are 421 real entities in nature is correct, then biological diversity should be a patchwork of phenotypic clusters tarsus length (H), with group 5 having a relatively long tail, and group 6 having a relatively long tarsus.
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PC4 is particularly useful to distinguish group 6 despite explaining only 0.6% of the total variance. The 696 morphological distribution of groups in the other well supported NMM is fairly similar to the one shown 697 here, the main difference being that group 3 is merged into groups 1 and 8 ( Supplementary Fig. 1 ). It can be seen, using equations 2 and 3, that the variance of trait z is higher in species A than in species B
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(1.09 and 0.09, respectively), despite a common trait mean (3.8 in both species). Thus, the differences in to reflect within-species differentiation due to geographic isolation or local adaptation. 
